Bend structures in process industries can enhance gas explosions. Many researchers have studied their effects on flame propagations or overpressure evolutions with experiments or numerical simulations. In this work, three bends with different angles ranging from obtuse to acute were examined, and the effect of bend positions on gas explosions was also studied in the experiments. It was found that the peak overpressure evolutions under three different angles experienced three different stages, i.e. a slight downtrend before the bend, a sudden uptrend in and after the bend, and a following downtrend. The explosion violence was enhanced due to a reflection wave and flame tip wrinkle. The peak overpressure increased when the bend angles decreased because of stronger reflection and turbulence under a smaller bend angle. Additionally, the bend shortened the distance at which the peak overpressure reached its maximum values. However, the bend positions had little effect on the maximum overpressure in the ducts.
Introduction
Bend structures are most common in chemical or underground mining industries, which involve a large number of pipes, ducts, or roadways. Explosive premixed mixtures in these installations usually bring threats to process safety. Unfortunately, the presence of a bend significantly enhances explosions, 1 which usually lead to economic losses and casualties. Prior studies reveal that enhancement of gas explosions was mainly due to an elongated flame front in the bend. [2] [3] [4] Among these studies, a 90 bend was most commonly used. A U-bend or Z-bend pipe or tube, which has two bends, was also used by several researchers. [5] [6] [7] [8] Blanchard et al. 9 found that a 90 bend in a long tube had the ability to enhance flame speeds and overpressures and shorten the run-up distance to DDT to a varying degree for a number of gases. Emami et al. added hydrogen to a methane-air mixture and carried out experiments in a 90 bend pipeline. He found that the bend led to a higher maximum overpressure, flame speed, and temperature rise of both pure hydrogen-air and methane-hydrogen-air mixtures. 10 Sulaiman 11 found similar results using hydrogen-enriched methane by CFD tool FLACS. Additionally, the effect of a bend on gas explosions is quite different before and after the bend. Pang et al. 12 noted that bend structure has little influence on high-temperature flow before the bend and has relatively great influence after the bend.
In those studies, the bend was incorporated into pipes, ducts, or tubes at a fixed constant position. These studies did not focus on the effect of bend positions on gas explosion. Additionally, the bend angles in actual process industries can be quite different. Wang et al. 13 carried out numerical simulations on the effect of bend angles on premixed methane-air detonation, and the overpressures in and after the bend were compared. Unfortunately, few researchers have studied the effect of bend positions or angles on gas explosions. Therefore, we lack guidance on gas explosion prevention in pipes, ducts, or roadways containing bends at different positions or with different angles.
Methodology
The equipment setup used in our experiments includes an experimental duct, an ignition system, a vacuum pump, a data acquisition system, and a gas preparation system, as shown schematically in Figure 1 The ignition system used in our experiments could generate a 2 J combustion spark. The flammable methane-air mixture (10% by volume) was first prepared in an air pocket. The duct was pumped to a vacuum pressure of À0.1 MPa to ensure that there was no unnecessary air in the duct, and then the prepared mixture flowed into the experimental duct under the pressure difference. In addition, two air pockets were used in our experiments, one for use and the other in preparation. The prepared air pocket was put aside for more than one hour so the mixture could be mixed uniformly by air diffusion. The overpressures were recorded by piezoresistive pressure transducers placed approximately along the center line of the duct. The pressure transducers were calibrated by a piston gage (Table 1) .
Results and discussion
Comparison of the overpressure between a straight and bent duct Figure 3 shows the peak overpressures in a 52 bend and straight duct. The peak overpressures before the bend were quite similar in the two different ducts, i.e. both showed an obvious downtrend. However, when the blast wave (subsonic wave) propagated past the bend, the evolution of overpressures became different. The peak overpressures in the straight duct kept increasing with distance from the ignition point until 13.5 m, where it reached its maximum value of 59.73 kPa. The peak overpressures in the bend duct after the bend were all higher than those in the straight duct and reached a maximum value of 66.96 kPa at 11.4 m. The position where the overpressures showed a sudden increase was quite different in ducts of different lengths. It was coincidental that the overpressures in the 16 m long straight duct and in the bend duct both showed a sudden increase at 8 m from the ignition point.
The positions of the pressure transducers are slightly different in the straight duct and the 52 bend duct, which have the same length and cross section.
One recognized reason was that the bend could generate strong turbulence, which induced a flame tip wrinkle and a following enhanced combustion process.
1,2 Therefore, the explosion violence was enhanced, and higher overpressure would be expected. Meanwhile, the blast wave reflected in the bend. The reflection wave obviously raised the peak overpressure. This had been validated by Wang et al. 13 using numerical simulation. Figure 4 shows the blast waves recorded in the 52 bend duct. As seen, there were two different reflection waves, which made the peak overpressure rise higher. The reflection wave propagated from measurement points 9 and 10 to both the ignition point and the duct end.
Effect of bend angles on the overpressure
In order to discover the effect of the bend angles on the explosion overpressures, the 16 m long duct was used with the three different angle bends mentioned above incorporated into the duct at 8 m. Layout of the measurement points for the different bend angles is shown in Figure 5 . Figure 6 shows the overpressure evolutions in 52 , 90
, and 145 bend ducts. The peak overpressure evolutions under the three different angles followed the same trend, i.e. a slight downtrend before the bend, a sudden uptrend in and after the bend, and a downtrend when propagating to the duct end. The three different bends all enhanced the explosions. The maximum overpressure of 61.96 kPa in the 145 bend duct was slightly higher than that in the straight duct shown in Figure 3 . The corresponding values in the 90 and 52 bend ducts were much higher than that in the 145 bend duct. The overpressure increased when the bend angles decreased.
Zhang et al. 4 also studied the effect of bend angle on the overpressures by numerical simulation. They compared the overpressures before and after the bend and found that the overpressure increased with the decrease of the bend angle when the angle was larger than 90 . This is consistent with our results. Wang et al. 13, 14 found that low pressure and rarefaction zone became broader when the bend angle became smaller. Meanwhile, the reflection and turbulence were more intense. This result explained why the overpressure was higher in a duct with a smaller bend angle. In their study, the peak overpressure at the position just after the bend was 0.8 MPa, 0.84 MPa, and 1.2 MPa, respectively, when the bend angle was 60 , 90 , and 
150
for a detonation wave. This trend was similar to ours.
Figures 7 and 8 show blast wave curves recorded in the 90
and 145 bend ducts. The dashed lines with arrows represent the propagation direction of the reflection waves. It can be seen that there were two different reflection waves, which propagated in two different directions, i.e. one to the ignition point and the other to the duct end. From these figures, we can also see that the time interval between the formation of the two reflection waves was different. In the 52 bend duct, the time interval recorded at measurement point 9 where the blast wave propagated to the ignition point was 22 ms, and it was also 22 ms at measurement point 10 where the blast wave propagated to the duct end. In the 145 bend duct, the time intervals recorded at measurement point 9 and 10 were 16 ms and 13 ms, respectively, which were smaller than those in the 52 bend duct. In the 90 bend duct, they were 32 ms (measurement point 8) and 26 ms (measurement point 9).
We see that the time interval in the 90 bend duct was largest. This agrees well with the numerical results, 13 in which the time intervals between two reflection waves of a detonation wave were 0.095 ms, 0.177 ms, and 0.111 ms, respectively, when the bend angles were 60 , 90 , and 150 . The two reflection waves were formed due to collisions of blast waves with the outer and inner wall of the bend. The time between the first collision and the second collision was largest when the duct angle was 90
, which made the reflection wave time interval largest. Overpressure (MPa)
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65.45kPa Figure 6 . Overpressure evolution in 52 , 90 , and 145 bend ducts. the peak overpressure under the different bend positions all followed a similar trend (i.e. three stages), as discussed above. Meanwhile, no matter where the bend position was, the bend always enhanced the explosions. For example, when the bend was located at 2 m from the ignition point, the peak overpressure recorded at 2.3 m increased by 25.74%, compared with that at 1.8 m before the bend. However, the peak overpressure in the straight duct, shown in Figure 3 , showed a downtrend before 8 m. When the bend position was at 4 m, 6 m, 8 m, and 10 m, the peak overpressure just after the bend increased by 37.68%, 43.78%, 50.61%, and 33.22%, respectively compared with those before the bend. The maximum peak overpressure was 73.37 kPa, 73.86 kPa, 73.85 kPa, 74.47 kPa, and 74.81 kPa, respectively. These values were really close, which indicated that the bend position had little effect on the maximum overpressures in the ducts, wherever the bend position was. The distance at which the overpressure reached its maximum value became shorter as the bend position became closer to the ignition point. When the bend position was 2 m, the maximum peak overpressure was obtained at 5.3 m. The distance was 7.3 m, 9.0 m, 11.4 m, and 12.4 m when the bend was at 4 m, 6 m, 8 m, and 10 m, respectively. These results were all lower than in the straight duct in which the maximum peak overpressure was recorded at 13.5 m.
There were two factors that affected the overpressures along the ducts with a bend: the induced flow turbulence in the bend and the reflection wave. In our opinion, the reflection wave contributed more to higher overpressures. The flow turbulence mainly contributed to a higher combustion rate and only led to a slight increase in the overpressures compared with the reflection waves. Therefore, overpressures in ducts with different angles showed an obvious increase at the bend due to the reflection waves. However, the effect of flow turbulence on the overpressure was slight and not as obvious as the reflection waves.
Conclusions
1. The peak overpressure evolution in ducts with bends experienced a slight downtrend before the bend, a sudden uptrend in and after the bend, and a downtrend when propagating to the duct end. The absence of bends enhanced the explosions due to a reflection wave and flame tip wrinkle. 2. The maximum peak overpressure increased when the bend angles decreased because the reflection and turbulence were more intense in ducts with smaller angles. Additionally, the time interval between two reflection waves in the 90 bend was the largest compared with that in the 52 bend duct and the 145 bend duct. 3. The maximum peak overpressure was 73.37 kPa, 73.86 kPa, 73.85 kPa, 74.47 kPa, and 74.81 kPa when the bend was at five different positions, which were really close, indicating that the bend position had little effect on the maximum overpressure in the ducts. Meanwhile, the distance at which the overpressure reached its maximum value became shorter as the bend position became closer to the ignition point.
The above results show that the strength of pipes or ducts at a bend should be improved to avoid accidental failure due to higher overpressures. Additionally, the equipment or disaster shelters should not be placed at the bend of roadways.
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